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ABSTRACT 


The magnitude of the westward directed auroral 
fone electric field is inferred from the measurement 
of the southward drift of moderately bright auroral 
arcs. Ina sample of 43 events recorded over a period 
of 15 months at Fort Smith (68.1°N geomagnetic) it was 
found that southward drifting arcs were predominantly 
associated with the decay phase of polar magnetic sub-— 
Storms. atid mo evidence was found for the associavion 
GPesouvuward dritting arcs with the so-called growth 
phase of substorms. It is suggested that the southward 
Gpiielie eres are, cenersted Tnrourch the precipivavion 
Of energetic plasma affected by the limit on stably 
trapped particle fluxes proposed by Kennel and Petschek 
tL oGGy:. 
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Latitude profiles for event 31. Here we 
have a strong westward electrojet with i 
tense poleward and equatorward current 
flow. The arcs lie near the boundary 
between the two electrojets. 


The corresponding mapped arcs for event 


i ple 


Differential latitude profiles for 
event 33. The decrease in the int 
of the westward electrojet to the 

has the appearance of equatorward m 


The corresponding mapped arcs for event 
33. Note the tilt of the arcs, indica- 
tive of a north-south component of 
electric field, as well as an east- 
west component. 
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1. INTRODUCTION 


12@)] Structure ckerhe Magnetosphere 


The Snteracctomoare. ne Solar windjwith, Lae Earth's 
Magnetic field resuhiewame the distortion of *the dipolar 
structure ofr the mapwereesiecld, compressing mit on the 
solar side@and extendigiggat on the anti=sola@mside to 
form the magnetotail. The various parts of the magneto- 
sphere (the name given to the distorted magnetic field 
configuration) are shown in Figure 1.1. The magneto- 
sphere 2s, populared wiapueemerretic charced pawLiciles 
(found mainly in the belts of trapped radiation) and 
thermal plasma (found in the plasma sheet extending into 
the magnetotail, and in the plasmasphere). 

The particles in the magnetotail experience convec-— 
tive drift moesen Sarirssmeereom the gradients-in the 
Hagnetic Sista ors he cores well as fromthe electric 
field which @s usuallyeorrecced across the tail fromgdawn 
vO dusk, » Thesaviner boummary ef the convection pattern of 
the particles can also be identified with the boundary 
of the plasmasphere (termed the plasmapause). The pro- 
jyection of “ne. outer Doundary of che trapping region along 
the geomagnetic field lines to the ionosphere corresponds 
approximately with the auroral oval, which is defined as 
the instantaneous? locus of auroral activity. This is 
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the trapping region are the ones that are eventually 
precip valved bo: cause a@urcras.. It is important to 
understands The pehaeylour or these enerzetiec particles 
mader whe aevlon of electrve= and magnetic TiLelds- in 
ordersvor gain some ansigho ante the method ‘py whieh 


auroraliweaetavaity is ftenerared., 


1 2 Orr ve Ole rapped Chameeun articles 


Lec us Now consider the motlons to which the 
trapped particles are subject (Roederer, 1970). A 
Chiareed wartvicle an Lhe presence of the Harthn's magnetic 
Pio Meawiieatneromera I” Cxpemenes cree ByDES Of Mor Lon, 
mame ly.) a) CyYOCLOuron MOLIOm yee, DOUNCE Motion, and a drift 
MiobOn mone areVosed Sirzacewvounded Dy [ied Lines. 
Mhese three Lypes of motion are governed respectively 
by the first, second, and@unird adiabatic. invariants. 

Wo ViaArsomcOnsi Cer gens ecyelouron mocaon, Mor che 
PULDOSe oT OL Vhs Ciscusslonm we use Thegeuicding centre 
approximation, and define the guiding centre system (GCS) 
as Avymoyiie Frame Ol Perercics in which. Ab any instant 
Of Taio wath ODSCrVeI secon amie Particle in ay period le sorb t 
perpendtenutlar lormthesdirection of the magnetic field. 

The particle's motion can then be described in terms of 
Micro so LaAcCemene Ol eo Purine -CSohLCe. With the particle 
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instantaneous; veloerty of the purdine centre te .defined 
wOoube Une Velocity -oL tne, GCs. 

HOrLe particle in a Uniiorm Static magnetic field 
Under ie Enituence Ol caraexvernal nontegnevic mores 
(constant, In -space and time). eehe. equation of, motion 


can be written as 
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the parallel and perpendicular directions being defined 
Vivre speCy alos Gie Marneumemis.c10 Girecuion. 
The Tirsusor Chesesequacrzsons gives the parallel 


velocity Of the particlesand tne GCS, V The perpen- 


citar, wOrvdri hy VvelociTyaay, Of one CGS 15° fiven by 


—F 
Cie wie vanvancous velocity ol a relerence frame; in woich 
Lhe Ware ele “executes tisacyclotron motiom. In’ this 

x 
reference frame, the external force F (= FO) (starred 


symbols refer to quantities in the GCS) will be balanced 


By Une mincuced GLectriremiaela 1orce: 


eee igh Ver x Bale (3) 


Iiecetcre, we avenue: 
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This siswtne 2zerouhn ordery ors orce, Griit of the par- 
ciclezs, Outside the GCS) the particle has a cyclotron 
motion, a translation with constant velocity Ve 
a Uuranslavvonm para. el Tomcve meld line, “Nove thar 
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equation (6) above is non-relativistic, the condition 


fOr its Validivy bene: 
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it tiewexterial Torcemicmnov COnSstany atiespace , 


DUD Sis seiven Dyer ne craditenGrol a scalar potential: 
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Vos << (9) 


where Po i ohne Larmor radius or the particle; fand 1 


its “inteGic energy. Whic leads to the restriction: 


V. << v (G@D) 


where v is the particle's velocity. 
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Now suppose the particle is in a non-uniform 
Machettce field.  PTheserpadlentyol.Ghe fiedd cansalso 


DE Written as.a sum of two components, VB and Vie. 
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DarMmeorerad.usc in Chel parpicileus vorbit. Lis change 

acts in the same way as a net Lorentz force directed 
Opposively Co V8. The cyelouron, average Of this nev 
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There Ts a ailrererm first ordem drift. due ts tne 
CUrveavure, Ol Che marnetic Pileld Lines. The radius, Of. 
Curvature ©; Che T1leld Pine is eiven py 

a SS 
TC evo | (15) 
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ASSsuUmiIne in the first approximation that the puiding cen— 
tre tollows theccurved field line subject to the condition 
Ra >> poe WS find that the GCs will be 4) non-inervial 


SyoLcem, any macs lm in 1C woierhus experience: an, inertial 


(centrifugal) force: 
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where nN is the unit normal directed along the radius of 
Curvavure of the [ield lines = this force also causes a 
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pinee both, the curvature drift and the gradient 
drift are in the same direction and always appear 
WOLSCHer. We Can Wrivem tice eObal sorso Order drrre 
as: 
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TigchesZeroull Or ilps veorder Oritus are tame de— 
Pendent. second order drirtseailse: appear. in this case, 
anranewot relerence whichemoves With aezero or first 
COrocrdritty Wy wilt be acceleraved, and an inervial torce 
-mvy is observed in that reference frame, Hence, the 
GCS must move with a velocity V plus an additional drift 


Vetpeiuy 2eneraved by thewilerpial orcs, given by. 
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ihe ceneralwexpreseton 10r the drift yelotity of 
@ particle in a non-uniform magnetic field, under the 


iiiluence of an external non-magnetic force, can be 
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obtained by combining the zeroth, first, and 


order drifts, to be 


= x [—-f + 2 (v + 2V = Vs mv,]. 
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1.3 The Magnetospheric Substorm 


second 


(23) 


The auroral substorm is part of a magnetos 


substorm (Akasofu, 1968). A magnetospheric substorm 


usually begins when a southward component of 


planetary magnetic field causes magnetic field 


on the dayside magnetosphere. Some of the mag 


resulting from the merging is transported by 


wind to the magnetotail. During the transfer 
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polarization of the magnetospheric plasma prod 


tric field in the magnetosphere. The e 
tric field mapped into the ionosphere is to ¢g 


spheric electric currents; in particular, it 
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the auroral electrojet , a concentrated electric 


induced along a section of the auroral oval. 
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tic disturbance generated by the auroral electroje 


the motions of the protons in the magnetosphe 


tute the polar magnetic substorm, which occur 
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junction with the auroral substorm. 


The auroral substorm is defined (Akasofu, 
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CONGPCiONSs, tnrougiNvarlous Phases Of-activity, to 4 
Yeversilon-vo Gqule®, conditions . 

ine sever Stages Of the auroral substorm cam be 
Droadlyselagea Wied sinue scree phases. FDUring Che 
Gulev Wauase, equlev, omogeneous, arce, are. presen, iin 
Pie miOmeeht sectonvor Bie auroral Zome. Next is soe 
eX ponowVesDicseee tl Wolcheone oT ie aires. Usa wily the 
Ones harticsusecduavorward.) suddenly bDrighvens. ~ lhe sudden 
brightening is usually followed by rapid poleward expan- 
SLO, eresultine ne tine TOrmavromrolea Dulee aroundemid— 
Night which rapidlysexpands poleward ,*westward, and east=— 
Wary Oe DirOcess CONV AUC maby Ule ww COnbmon vile 
expanding tule reaches Lyuswmosy poleward positlons ay 
which time, @westward/ surge may\be seen to develop, and 
Move, vTOWerds Ube gevening Sector. \ hi swam mune send OT 
tie expallomusonacc. DUPE tie recovery, plese, stue 
LaCeCisd yy (Glmwnomarcs Camimusnes and) tievoeewiavoO Grit t 
EGUalOrwacde CVeras Widewrange of latitude andslongitude, 
Unt Cire ta iiiie CcOndmulonseare again established. (puring 
Tie tat wae part Ol the mecover vw phase weak oops” and 
Coldssii Une arc SUrUCTUresere Been ay bie poleward) cadre 
Of the actavatved aurogalfvecion. The various stages des— 


CripedMarove are SUmmamwi zed an Figure, 1.2. 
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described by steady-state convection, that is, 3B/dt=0. 
Hence, the second order drifts in equation (23) can be 
negvecved.. The verouhn and@iirst@order drifts of parti-— 
cles in the presence of the enhanced dawn-to-dusk elec- 
tric field, whichycauses the Browth of the asymmetric 
ring current during a magnetospheric substorm, are shown 
in hicurewl.5. Swe sec thatethe zeroth ordese Griit is 
Girected gcowards Che Harth while the firs: orders drite¢ 
is an the azimuthal ditrectlomem ence . the velocity of 
inward Convecvive drift or Caer charged particles fs eiven 


by the 2zerovuhy ordergdrigt.,. vag: 


je, 3 By 
Vv =e ; (24) 
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Pies macnmoude  oig tiie’ CLeOCtriceiteld can thus tbe calculated 
DY OUGalii ne the Inward Gdgiitemelocity got tic soartic les, 


and Using tite welatvion 


ES VAR. (25) 


One of theypurposes of thisg, thesis 1g to obtain?’ values of 
the ionospheric electric Trelds during periods of auroral 
acvLivVivey inthe mannemmdescCalpedyavey.ern 

AD Amportanw convrabuvion waidil be made from tne 
study of the phase of the associated magnetic substorm 
during which the§auronel arcs were observed. The growth 
phase of a magnetic substorm (McPherron, 1970) may or 


may not be accompanied by the presence of equatorward 
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drifting ares, as claimed: by Mozer (1971) and Feldstein 
(1972), however such drifts definitely occur during the 
recovery phase of the magnetic substorm (Akasofu, 1964: 
Tne problem then: arises.as*io whether an -observation of 
edvuavorwerd drittine arestinducates the fpresence vor 4 
erowtvh phase or a‘recovery phases  This»ambiguity will 
begdiscussed (during themcourse of this investication and 
aieexplanavion 4s pub forward. uUs2ne 2 modified version 
Ol ya Uneory Of whe seneravion of sequatorward drifting 
auroral arcs propoced by Atkinecns (2970)% This theory 
is based on the theory of resonant wave-particle.inter- 
actions (Kennel and Petschek, 1966). Such a mechanism 
bass been used.co explain .~thesproduction of SAR sarcs 
(Cornwall et al, 1971) and the precipitation of Van 
Allen drift particles in the morning hours (Brice and 
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2. DETALLES OF HE. ANALYSIS 
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We have established (eq. 25) that the relationship 
between the convective drift velocity vor particles, Vane 
and the associated magnetospheric electric field in the 


equavorveleplane 15 givenwoy: 


Were sh ds UReeSUreneclUn Ohstiecmanblenl Magnetic Tae in 
vnewequatortalyp Lane. 

Mitsmcatemre lat lonshtp a lsOsioldswiieldces OnospRaere , 
Where=unemaduancities involvedsarer the equavorward, driLte 
Ve LOCa tye Otmeunesmarnetilc i baxarupe, ive ambienvy marneuLrc 
Pieolomen Chemaurora lA OonOs@nere.w and. themass ocd aved~elonos— 
DieericecleCeiri Cer le ld. sebnewdclal 1S sO1 sune Mapping of 
Aue Ora ls wititeienve | OCLULeomeLn Une a OnOsDneremuO COnVeCtIVe 
dpa teavelocitupes I[nathemequavorlal splane, sare discussed 
ieee wumoe CLO. 

The drift velocity of the auroral arcs was cailcula-= 
ted using all-sky camera (ASCA) photographs from a station 
at Fort Smith, N.W.T. (68.1°N corr. geomag.). ASCA photo- 
Srapwemeeverine Invervalceduring LOU wand lo / iewere 
SiMCHed es Over a LOval sampler size Ol iit teen months. 


The film data conSisted of eight second exposures taken 
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at.one MinuLe Intervals, at a. setting of 1 0.95 and using 
Kodak Tri-X reversal black and: white film. -A typical 
ASUA pnovograph illustrating the form of the data is shown 
eee ae. 

The eight-second exposure time has an integrating 
SLlreCcveONmune. DOSLULON, Oleethewarcs — tnal as. MOELON of 
an are during the exposure time is undetected by the 
Camera. lo, overcome this hurdle, ‘only the motion of the 
HOLCIeErN or sourchnern:, boundary soi, the are form was followed 
in successive frames. In addition, the one-minute interval 
DEUWeen exposures Creates anrambiguity regarding the drift 
mocvion of the arcs. We are faced with the question, of 
Whether Lhe apparenl SoUutLhWard™=Gadrift of aa arc is an 
acullal mOvuLloa, Or the result oOo vhe decay of one arc and 
tie Cstvablishment Of @ SECOnd are av a new, more southern 
position. “There 1s no absolute method of resolving this 
AvUeUtCy. tOUbLi > Can, be reduced vo a Mdnimal Level by 
adopting certain criteria in the selection of events for 
Svudy,) he primary Cricveriton was that only those ares 
Wivct Comldsdetinively be sdentified as being. In. motion 
for a minimum of three frames (i.e. three minutes) were 
Chosen Tor sanalysis. 

OnewaLlae errecu Ol une Liiree Minute criterion as 
Ciecemanyeevenvs OL short, GUration were tenored. — This 


fact, together with the possibility that arcs may have 
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appeared whose brightness was below the threshold sen- 
Sivtivity of the filmethad Che cumulative effect of 
reducing the total number of events treated. In all, 
forty-three cases of southward drift of auroral arcs 
were Fidentified over the sample interval. We feel that 
the reasons given above adequately explain the low 
numoser“oOreevents, in comparison with the number of 
southward drifting events noted by other workers (e.g. 
Davis, wo Ge ) § 

Pom the; purposesof analysis, thefarcs were first 
traced from the film onto ASCA analysis sheets (see 
Figure 2.2), and then mapped onto a linear scale to 
eliminate the curvature effect provided by the primary 
mirror of the ASCA. The mapping was done by means of 
an auroral arc mapper. The mapper is a template (see 
Figure 2.3), on which holes are drilled at closely spaced 
points along. twogcurved locil.§ Hach of “the holes on the® two 
log@n Is connected to a2 pointe on the inside edge of the 
template by. a straight, line? as shown in the figure. Hach 
of the edge points connected to the holes is superposed in 
burn. on the auroral arc positions, on the tracing, and the 
Hole, position is marked. # The position of the hole corres—~ 
ponds to are position on a linear scale. The mapped points 
are then joimed ito obtain the form of the mapped auroral arc. 
The velocity of souuhnward drift was determined from the suc-— 


cessive positions of the mapped arcs (Figure 2.4). The technique 
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of inferring convective motion in the magnetosphere from 
the drift velocity of auroral arcs has been used pre- 
viously by several workers (e.¢. Davis, 1971; Kelley et al, 


EOTL)< 


e-e Ihe Mapping Factor 


thes velocity obtained firem, the motion of the mapped 
eres Stes criit Velocity Crevice arcs sil Gue 1onespiere. 
DPieCeValieror vic GLleCtric ihr etdeunel is eventually derer— 
mined is aiso the Lonospheric value. However, we also 
West to compare thie Value Olgene Slectrac T1640 tithe 
equatorial plane, as obtained from this method, with the 
Values ObGained by other means. ft is therefore necessary 
wOlNave.a Mappane facvor bevween the Lonospmere and the 
equatorial plane... The velocity thus obtained in the 
equatorial plane is an indication of the convective drift 
velocity Of particles in that region. The mapping factor 
has been calculated by Mozer (1970), and is given by the 
Paulo OL Tne Westward electric field in the donosphere to 


that in the equatorial plane. 


The L value corresponding to Fort Smith is ~/; this gives 


a value of 18.5 for the mapping factor. The mapping 
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factom,for velocities ,, then, is given by: 


we 


Ma 
a. 


= 5 


It should be pointed out that this mapping assumes 
a dipolar magnetic field in the absence of parallel 
eloctuele wields. Such vaisttuavion does nov occur often 
in reality, and the effects of deviations from the ideal 
ought to be examined. The non-dipolar character of the 
field lines in the nightside magnetosphere does not 
aiuer thesbasic Maw-of “conservation or magnetic flux, 
Whicheiswthe underlying principle tn=che theory of the 
mapping. It does, however, alter the geometry of the 
field, Vand thus *the mapping factor from the magnetosphere 
MOMvNGeTONOSphere is alrecbedy = Hence. vne Linal "value Jor 


the mapping? factor may be=-dirferént from ; Oy some 

factor depending on “the magnitude of ethe distorvion “of 

Chew tietiarerom the vdipolarconficurationy -tkhven if this 

were nov the v-case; the change in L value as the arcs 

move “equatorward may contribuve -a slenificant “error. 
Dimparallel Selecrruc shields are preseno, “tierce will 

be a potential drop along the field line from the magneto-— 

Spnerecavo she tonosphnere. =eliv-vhe’ potential “drop. 2s) the 

sane talong nelghbouring field lines’; then the expression 

fonetnea mapping factor stall remnains “vaklids™ This implies 


that there should not be much longitudinal variation in 


the electric field. 
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It is difficult to know quantitatively how well 
these conditions for validity are met. Because of this 
ditiilculvy the, effect.of these errors cannot be accu-— 
rately incorporated into the calculations done here. 


However, their presence certainly ought to be recognised. 


Zuo, slacnevic Data 


ThesMmacntetic efrects fascseciaved With the eventa under 
analysis weré studied to determine the phase of the polar 
Maegnevilc supsvorm Corresponding vo the Lime sor appearance 
Of Sourhnward drifvine arcs whites question 1s Of some 
importance since some workers have claimed that southward 
drripiipmarcs are associaved wien vive srowth yor develop— 
ment Stave of the associated polar magnetic substorm 
(Belyakova et al, 1968; Feldstein, 1972; Mozer, 1971). 

It has also been claimed that the growth phase has a ground- 
based magnetic signature (McPherron, 1970). 

We have therefore approached this problem by examin- 
ing the ground-based magnetic records associated with 
Gur events Using all auroral zone stations in the Norvunh 
American sector. A list of these stations and their 
geomagnetic co-ordinates is given in Table 2ii. To 
identify the phase of the associated magnetic substorm, 


a tentative phase was assigned to the substorm at each 
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Pep bew es 


Coordinates of Magnetic Observatories Whose 


Records are Used in This Study 


Coordinates 

Geographic Corr. Geomac. 

Observatory (°N) (CR) (ony Gane 
Used to Determine 
Phase of Substorm 

Great Whale River 554.5 202.2 6632 Serer 

Hore Churecna t | 58.8 265.8 (ORS Sea 

Baker Lake 64.3 264.0 pat all Seu 

Meanook 54.6 2H 6s, 7 62:5 s0l8 

Sitka Bi 224.7 59.8 276. 


College 64.9 eaene 64.9 ELeiele 
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station after an independent examination of the station's 
magnetic records. Then these assigned phases were com- 
pared for each event to determine if the results were 
Seli=consistent.: In Gasessotvambiculty or anconeietency. 
the records of the station under question were reexamined, 
UAVS Tome dm conjunction wlth ine iWilormation avyallaole 
BeOMebiewOuler Stathone. el ial De sSceialaver vole a1 
SOMer cases Ulery ambi Pury rematied) Unresolved even carver 
tone reexamination, 

iInjaddivvon, the Dehavrour sot The assoclavcd scurrens 
Syouems Waseda! so cdelerminedy so nrough a Suudy vol sie corres— 
Pending =Latvrtuude proiiles Tormeagcn event. (See Kisabeth 
ands Rosvokem (1971) for devassis jor latitudes profives:’) 
The latitude profiles were obtained using the magnetic data 
from LMe University Of Aioerta line or macnevometer 
Sooaulono dty Alberta and GhewNorthiwest Verrmitories. (The 
Statvone lve along the corrected peomagnetic meridian 
Ot ~301°R and are closely spaced in the latitude range 
Bo. uo ie We Supporting data were obtained from the 
standard observatories at Newport, Baker Lake, and 
Resolute Bay at 55.3°N, 75.1°N and 84.3°N respectively. 
The Vocations and co-ordinates of these Stations are 
SHOWU eI hee. 2 .oeanie Tablemo.. st nree—cOomMmponeny 
fluxgate magnetometer operated at each of the stations 


along the line, recording the three components (H,D,Z) 


pemeeren tre 10 ee To 29885 ay | 


ebentmsxds7 1ew nokjasup rebau forteda 
sidsitevs fotdanrotutt Sad dite nord 


at ted? aodel nose od (ltw 37 \ ond ee srt mot? . 
. netts oe pbovfoseras Berri smet ae a68B5 smog 
| ne tgatmaxses od 
thermo beyeloorss ent to twoivatsd sat ghottipbs at y ¥ 7 
-—297105 oft To ybute-s. fgve wis .bomtmrg fob ofls ssw anode - 
ft¢sdseeldt sea) .tasve dose ‘tot wea abutttel sutbaog 7 
(.aelltorg shud isel ‘1a alietab son (fel) ‘s¥oteoH bas a 


a ci a ‘Cn 
‘ 


_ 
F omttd ahd hal 


pisbh sivengsm st anfep ‘bentetdc stew esittorg sbudiivsd ont 
netemotenmem to smkf Bdrsd(k to yfbersvinU ont = =©6omond 7 
SsHT eormodbanet deswitroi =i bas sdasda nt aaottsie ' 


stb tom sivsngsmose beyost1os aid anots’ ‘dET enotiate 
Sanet Sbusbial sad at beoege yledols san bie -a°LOE- te oe 

sit mozt benitesdo exsw sted ant Jxoaque AEF 08 OR 
bas ,oasd. ‘SOKA Litcoquek ts eeisotsyasedo pasbisde ; 

sheet HEME ous WL.AY (WEL ed Ge wad otwonet 


eben rues to sevsnibro-oo Bas vchaana = 


Table 2.2 


Coordinates of Magnetic Observatories Whose 


Records are Used in This Study 
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Coordinates 
Geographic Corr. Geomnac. 

Observatory (On) (CR) (°N) (CE) 
Usedsavoucreate 
Lavicude Profiles 

Resolute Bay at 205 ok 84.3 So. 
Cambridge Bay 69-1: wen) (alec: SOL. 
Fort Reliance Sei 25 Ae0 eee 300: 
Port smith 60.0 248.0 Boral 300% 
Fort Chipewyan Ome 248.0 6 a0 Boul 
Fort McMurray Os if 248.8 65.0 BOO. 
Meanook 54.6 PAO. 7 Oe Ones 
Ledue a8 ING ai) Olkee 301. 


Calgary eee 245.5 BO. yore 


ZY 


of the magnetic perturbation field in digital form on 
magnetic tape. The sample rate was one data point for 
each Component everyetwotseconds, with the timing 
accurabe to. 70.1 sec. sine dynamic range of the. sysvem 
Wass tlOQ00Y with a sensiviyity~ot +1 7. sin the Javicude 
profile, the perturbation components (H,D,Z) are plotted 
forva envyen Anstant Of time acs, a2 unctlon of feomagnetic 
WaGleude wen the svations.. (ouecessi Ver Lavulvuude profases 
therefore show the development of the current system in 


time. 


ate 


> > nee - 


{i 
Pern en ng winvis A 
ane par res cobte 
as | ities oe ok aad 


30 
3. PRESENTATION OF THE DATA 


3.1 Observational Results 


The electric field values obtained from the forty- 
three cases of southward drifting arcs which were iden- 
birited are Sumer Zed Gin lable 3.0. Mydetatbled table 
showing the parameters evaluated for each event appears 
in the Appendix. 

INeSVaALUcse Ol *tne Monospierm cr elecimir  fLeid 
obtained here compare favorably with the ionospheric 
electric field measurements aneche auroral, Zone obpained 
Dye LaerenoemeLrneds. Sucimas sod bLOCcus DOrneme lec prac 
field probes (Mozer and Manka, 1971) and barium cloud 
techniques (Haerendel and Liist, 1970). The average value 
of 16 mV/m for the ionospheric electric field corresponds 
approximately to a westward directed magnetospheric elec- 
URLC Mae d.or ~0.9umV/i an one equavorial plane av h= 7 
ite svomneam y at) OrdcrEOremartnit tude preaver  bhani ine 
values obtained through whistler techniques (Carpenter 
et al, 1972); however, their whistler measurements were 
made ab Eb. values corresponding to Locations inside the 
plasmasphere. The fact that the ring current may shield 
thespidsmacvherc: {ronmmunese Lecter iG iets outsides tine 
plasmapause (Vasyliunas, 1971; Chen and Wolf, 1972) 
Mepieatres this discrepancy wo. a.tarce exvtenv. come 


error is also introduced from the effect of the Earth's 
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Electric Field Values Inferred From Southward 


Driicting res 


Minimum Value Da a ON on 

Maximum Value 37 mV/m 

Average Value 16 mV/m 

Standard Deviation 7 tn Vim 
Table 3.2 


summary of Magnetic Correlation 


Number of Southward drifting arcs. in, sample 
Magnetic signatures during event: 
No activity 
Recovery phase (in whole or in part) 
Expansive phase onset (in whole or in part) 
Not definitely identifiable phase of sub- 
storm (in whole or in part) 


Growth phase 


es 


rotation under the auroral oval during the evening sector 
(Akasofu et al, 1966). Akasofu and his colleagues have 
calculated that on the average, the rotation of the Earth 
under a stationary oval gives rise’ to an apparent drift 
velocity of 40-50 m/sec. This would COrPrespond “to 74 
magnetospheric electric field value of ~0.08-0.1 mV/m. 
APchough»’this is “not ‘a°large "value; it should be noted 
Gaay vals terror Ls present ine mest oreohne walues' of sine 
etecurve-iTileld obtained) "since most =o hour -events toccurred 
in the evening sector (see Appendix). 

It is interesting to note that the equatorward drift 
vyeloeilty distribuvion Obtained by =Akasofu ‘et vad "(1965 ) 
has a peak in the range 100-250 m/sec; a similar distri- 
bution for our results shows a peak in the range 400-600 
m/sec. 

Tape sec Shows, Ln Summary, Prise “corre lation 
between "equatorward “drirtin= varcs “and “the "bevel of 
Masnevre activity recordedsamraureral) zone=stvaclons, 
as desertbed in séction 2." The term’ "in whole-or in 
part” “whilehwappears in this table is Indicatvivevor 
either cases where different phases appeared to be 
in®proeress at the “different istationsy or cases “where 
Loe WacmLmpossi ble vo derinitely idenvifty the phase of 
the substorm. However, it can be stated that none of 


the ambiguous cases were associated with a growth phase, 
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including the 23 cases for which no definite phase could 
De*assipzned.” In°factcall* but’one casé) oCctirred within 
intervals of ¢léar+substorm*tactivity,;"and as the voné case 
when no substorm was in progress, no substorm activity 
followed the time when the southward drifting arcs were 
observed. Hence, none of the 43 events identified was 
associated with pre-substorm effects (or a growth phase) 
while the great majority of cases (namely 34 of 43) were 
associated with the recovery phase of the polar magnetic 
substorm. We note however that the absence of southward 
Qrirtains ares “during a growth phase does nov imply-“the 
absence of an enhanced westward electric field in the 
ionosphere during the pre-substorm period (Kelley et al, 
DOTA) 3 

ine, tapi vude *protilessassoerated with= the vevenus. 
observed on the meridional line of stations, showed well- 
defined magnetic perturbation, associated with the 
appearance of southward drifting arcs; “however, the 
Magnioudes of these perturbavions were not in general 
large compared with the magnitude of the substorm within 
which the perturbation occurred. Some sample events are 
discussed in the next seetion; "the “Appendix pives® the 


profiles for selected events. 


3.2 Sample Events 
We consider first events 20-24, which occurred on 


Ocroper9. 197. during the inverval 0250-0530 5UL. “We 
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nove vwlau events 20 and 215 "and! 2@2.,.23, and 24 involve 
mmlbeplerarce=Cseelie@ or events in Appendix). This 

type ol “structure ic typical orssouthward driitting arcs 
(Akasofu et al, 1966). Figure 3.1 shows the latitude 
Pretives Hear the peginnine andmMend otmevents 20°and 21. 
The very large positive AH regime and small negative AZ 
regime indicate the presence of both an eastward and west-— 
ward Electrojet. ine presence on wiesen two equally svrone 
electrojets is to be expected in the evening sector 
(Kisabeth, 1972). We note that the boundary between the 
Gastward and westward jets _isethe site of the arc develop— 
ment (~68°N). As the ares drift southward, so does the 
boundary between the two .electrojets,..._lhis»is-showne very 
Clearly In Migure 3.25 Wiech cnews, oie protives near tie 
becinningvand end off eventw2ee. The. double electrojet sysvem 
continues to the end of the events, as shown by the arc 
locations in Figure 3.3 (events 23 and 24). We note also 
the sudden enhancement in the AD profile at Fort 

Reliance Cary and corr. geomag.), shown by means of a 
differential profile in Figure 3.4 (corresponding to event 
24). A dargse nesatdvemAD sr indicative of an enhanced 
eonvectioneacross the polar cap; suchean” enhancement is 
not unreasonable under the circumstances, i.e. during an 


auroral subpstorm. 
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Event 25 (October "93 1971,°0501=0520 UT) presents 
a -dErrerent situation. “Here Wwe have a very clear double 
westward current system, which decays during the course of 
the event. The arcs are associated with the more northward 
one of the two current systems (see Figure 3.5). The 
boundary between the two-current systems, as much as ait 
is possible to identify one, appears to move southward with 
the arcs during the event. 

Event 37 (October 29, 1971, 0420-0430 UT) is also 
associated with a double current system (Figure 3.6). 
However, it is more cComplicaved than event 25, in thay pou 
Syevems involved here are Of wapproximately equal Surenpin, 
Pecoudcving “ln ai very ereavuly edrsvorved, protile. Wernote 
tMeac thas double -curreny Sysvem also decays Dy thie end on 
the event. We -@an—ldenvity a general southward mouion of 
Unie current System as the arcs driv soutm, buuy the dis— 
vOrbLon Makes 1G impossible Te determine anyvuning more 
denne we. 

Not-all “events were as complex as the foregoing. 
As an example, we have event 19 (October 8, 1971, 0450- 
C156 Ul ahi eure! 3. jor for whiten vhe Tavivude protite 
benaves in the standard manner, except. for the extremely 
large negative AD regime poleward of the electrojev. As 


mentioned, this is indicative of enhanced polar cap 
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Convection. In this casey une Very Large negative AD 
is associated with an ionospheric electric field of 26 
mV/M, whteh—-s-a-eo00d deal higher Chan the average value 


of 16: mV¥yimne 
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4. DISCUSSION AND CONCLUSIONS 


4.1 Mozer's Model 


Mozer (1971) has proposed a model of magnetospheric 
substorms based on the behaviour of magnetospheric 
Slectric (lelds during subsvoric.. soricily, this mode 1 
States that a westward electric field is created in the 
Magcnevotail due to the Connection, of interplanevary mar 
Netic i teid lines with the Barcvm svdipeleetield lines ao 
‘the magnetopause during periods when the inverplanevary 
HMaenevice tield has a southward peinting componeny, This 
electric field, which appears saporoximavely an nour 
betore the Onset of the isubstorm,. ts then responsibie 
for the inward Convection of plasma in the magnevotall, 
The speed of this convection is given by E/B (as has been 
shown here).’ Since the electric field is constant to 
within a factor of 2 over the range L = 4 to L = 9 (Mozer 
and Manka, 1971), the speedror inward convection 12 
inversely proportional: to the strength of the magnetic 
field. This inverse dependence results in a build-up of 
Dlasma av Hlocations ef “Stronezest mapnetic. field surengih, 
namely around the localimidnight sector deep in* the 
magnetosphere. After a sufficient time, the pressure 
gradients which résult from this build-up of plasma 


initiate a plasma instability, and the plasma is 
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precipitated. The auroral arcs that are generated from 
this particle precipitation then drift equatorward. 

Thus, this model predicts the occurrence of equatorward 
drifting auroral arcs prior to the onset of a magnetic 
substorm, that is, during the growth phase of a substorm. 
It is clear that this prediction is a direct consequence 
of the fact that the westward electric field is present 
approximately an hour before the substorm, and the assump- 
E2on that precipitation resvultce trom the instabilities 


caused by the plasma pressure gradients. 


4,2 The Kennel-Petschek Mechanism 


Brice, (1970) has veupeestedsthav an injection of 
eold plasma into the magmervosphere could result in the 
SUGGeEn eSsub ecu lon .of KeVeparvicies Uo the stable trapping 
limit proposed by Kennel and Petschek (1966). 

The Kennel-Petschek theory is based on the fact 
thao. uae PreeCipLlarilon scr venerveric electrons Into tne 
ionosphere is apparently a result of first adiabatic 
Inver lLoneavilolat On, eeolCrma ay LOlLauLon requires= time 
VarLlabploens 20 the marnetie preclad,eof the order of time 
electron cyclotron frequency; 10 therefore appears what 
high-frequency fluctuations in the whistler mode are the 
most probable cause of the violation of the first adia- 
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the whistler mode turbulence. It has been observed that 
the whistler mode is unstable for a sufficiently aniso- 
UrGpie pitch anele disuripution (Cornwall, 1905)* Hence, 
ii an anisouropie pibcn angwe distribution is, mainva ined , 
Wave enerey "can Me Peneraccu 1 Lier Mache loc phere, 

The Stability OF the wave croweh depends primarily 
Cn parvaicles In cyclotron resonance. =in” a Spavitally 
LIMvee plasma, TO» Maintain a cseli-sustaining pavch angele 
diitusion, both escaping tarulcles sand waves Mist De 
replaced.” Welsee that the numberof resonant. particles 
must then adjust; by) balancingethetacceleravdonvand pre= 
CGapipauloneol parcicles) CLeomensUres nate heawave  erowel 
rave exactly replaces thevescapine wavevenersy. ne Clearly, 
SaVEPOWLnPrate-that is) Loop larceny. iscréate an accumulagion 
@f wavevenerey ; whienyenhancessparticlexprecipivation; 
Chitss AMeCUCh; Pre@ucesstlemerowUneravegvonvnelTyaive mneccs= 
sary to maintain acsheady—-stave cdistribution of the waves. 
Therefore, there is an upper limit to the stably trapped 
Pacbaclearthlux. —Howevereeone Characverisiueceenerey hor 
Gye LobronwinvGeractione jis ALheemagne bic Fenereyper parti — 
elex, hence this limit gappliesponly beypanticiles whose 


energy Ls .ereater  thanied stUaresnold scnergy Em y Sve rmpy. 


where B is the magnetic field strength, u, is the 
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permeability of free space, and N is the ambient particle 
MuUMnber dens1 Gy. 

hences an- injection of cold plasnaeinte a volume or 
energetic plasma would decrease the threshold energy E 


ul 


to a lower value er TALS Freswlos 2nea darecer™ numer Os: 


particles, having energies greater than the new threshold 
1 
energy En 5 thus @ preater enerpy range Of parvicles are 


brought Under the conditions for une stables brappine lami G. 


4.3 Proposed Mechanism of Auroral Particle Precipitation 


Vasylaunas (1960) and Prank (1966) have shown that 
wie pDiladsma sheet has “a sharp ands well—-derinea inner edge 
if the niphntside magnetvospnere, which moves inwards during 
Perocs-.(Of SUDSLOrM 2CUlVinya slice DoOUldary =Ls corprised 
On ae region or Low -enersyeelectrows , Wwiose numver deneicy 
Peune same axttiat observed! Im the interior of the plasma 
sheet. Siscoe and Cummings (1969) have suggested that 
Gie Aanward mocion of the Anner edce of the plasma sheev 
CeCcurs, Dior GO Lie Suls Dorma tn “UaelrYlheory.,, Uneretis 
a balance between the Torce exerted on the magpnetotarl 
Dy the solar wind, “and whe force between vne “harth and 
the Magnetovall. The tangential stress between the mag 


nétotail and the solar wind is responsible for moving 
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Magpegie flux into thessalil. The macnetic Lluxades scuored 
in the tail and returns to the magnetosphere at lower 
latitudes, but at a slower rate than the rate at which it 
te spoeed Clixtord, 1965) sts sune tall flux increasec, 
the normal pressure on the tail remains almost constant, 
and is balanced by the force on the tail from the solar 
wind. To accommodate the increase in flux, the radius 
OF the tail ineréases, and thie inner edge ot the plasma 
Sneet moves Harthward. This inward metion occurs during 
Une DuLld—Ue process, In vine star ls svhay = Sys prlom mwonmune 
onset of the substorm. The inward motion is stopped when 
tie Taneenclal suress on ther tail as nov balanced by che 
force om the Barth. AG this stage the substorm 15 initia= 
ved. and the plasma sheet reestablishes itself back in the 
MeaenenoOvaik. | Le prOCescmrepeata eee i 2a Wie end Olga ic 
SubSTOrM. pli The driving force von the tail Vsssari li acuive. 
The inward motion of the inner edge of the plasma 
sheet is accompanied by a thinning of the plasma sheet 
(Hones et al, 1967) and a build-up, of the asymmetric ring 
current in the evening sector (Cummings et al, 1968). 
It has been proposed by Atkinson (1970) that the inward 
econvecting plasma will be precipitated into the auroral 
zone ionosphere through the Kennel-Petschek mechanism of 


biveln angle scattering. 
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We now propose a model for the generation of 
equatorward drifting auroral arcs, based on the theore- 
tical and observational material presented in this and the 
previous sections. During the pre-substorm period, the 
Shemvelic eLecuronm popudaulonsy > 1 kev) would be so low 
as to be below the threshold level necessary for violation 
of the stable trapping limit even were the threshold energy Em 
vor be-avvained. Thus the inwardemouLon Oo: the piesma 
sheet would not be assocaaved, with precipitation of enéer— 
gpevie electrons; and thuswnorecouatorward dritcine. arcs 
would be observed... During) tie wexpansa ve sonases Of rie 
SUS vLOrM., Oh, | azimuchally conned Secvor, ofeaureradimarcs 
would expand poleward creatine. asdistorved region Knows s 
toe auroral bulge. (Akasotu,e1904).. Only an azimuthally 
confined portion of the pilasmapsheer which maps ianvo the 
auroral bulgejwidi bel distorted such that_its Harthward 
SUce Wiliebe Coreed pack Into tne toll. plnereosycOnsi = 
derable evidence that substorms occur in confined azimu- 
taal sectors as observed both in the magnetotaiis and, av, phe 
Earth's surface (Rostoker and Camidge, 1971). Thus it 
should béewclear.that.the adnner, edge of the plasma, sheer 
will be further from the Earth in the substorm-—distorted 
region whanwon either sideryor it. 

During the. period ofthe expansivesphase artversthe 


arcs have reached their most poleward direction, the 
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bright auroral arcs are confined to the northern border 
Ofeuhe auroral oval. This northern border is quite 
latitudinally confined and therefore maps into a rather 
rimived Mange or il shelis. “lty is on this, limited range 
of the shells that the population of auroral electrons is 
energized. During the final stages of the expansive 
phase, the plasma sheet particles will gradient drift 
into the region of the magnetosphere which maps into the 
auroral bulge repion- in the wlonosphere. 

When the decay phase starts; the energetic electrons 
aueuhe northern border of the oval are BB Oriived hanva— 
ward (under the action of the tail electric field) into 
the warm plasma sheet particles which have gradient drifted 
ios -eQuavoOrWward ol the l-Ssneli popu lared DYysune Clerverie 
electrons. This warm plasma has densities of 0.4-25 em” > 
(Vasyliunas, 1968), and this may easily cause the charac- 
Peruse Le, enerey En tO GropauGn encompass suce seuroral clecuron 
energy range of l-10.keV. The enveloping of the hov plasma 
(from the L-shell) in the relatively cooler plasma in the 
ring current Has the same effect, as that proposed.by Brice 
(1970). The Kennel-Petschek stable trapping limit is then 
Violate and precipication results, causing tne eeneravion 
Or the auroral arcs. “he [L-shell of energetic electrons 
is simultaneously convected inwards and precipitating 


electrons. This results in the apparent equatorward 
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motion of the auroral arcs generated by the precipitation. 
This view of the generating mechanism of the equatorward 
drifting arcs is supported to some extent by the fact 

that the average speed of inward motion of the inner edge 
m and 6 R, is ~12 km/sec 


(Vasyliunas, 1968), which maps into the ionosphere as an 


of the plasma sheet between 10 R 


average velocity of ~530 m/sec. This value compares favo-— 
rably with the most probable range of drift velocities in 
this study which lies between 400-600 m/sec. 

From this: theory, one would not expect. southward 
Gratving arcs during the @rowth, phase of a Substorm. 
When the plasma sheet moves inward prior to the subsvorm, 
BhHe enervetic particle populataom in the nighvuside mag— 
nevospherce 15 not large enough tor sthe stable urapping 
Tiere De Violated. sihesoccurmrence vol Che subs loOrm 
Pesulus 2n viel enerei zat von ot waree numbers (Of particles 5 
SO unabenne Subsequeny AnWardsmoulonvot vnese enereevic 
particles through a région near the Bartvhward edge of vUhe 
plasma sheet would result in continual precipitation of 
auroral particles until the auroral electron population 
dropped below the stable trapping limit. Thus southward 
Griftinge arcs would be associated with the recovery phase 
of a magnetic substorm.) Whis ais contirmed by our observa 
Paenads Tali Lincs. 

in spite of the foresoime arguments, vhere 1s svill 


a possible case that southward drifting arcs could be 
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associated with the growth phase of a substorm. The 
theory presented here is based on the following model 

of a magnetic substorm: During the development phase 

of the substorm the plasma sheet moves Earthward under 
the actlon of the convective force in the magnetotail. 
Due to the low flux of trapped energetic particles in the 
Nignvside Magnevosphere, particle precipitation is not 
Very bikely vat tniis stage. SUUriIng tae substormveactavity. 
some of these trapped particles are accelerated so that 


UnetrPenerey exceeds the tnrecioid venerey HS and ‘vhneir 


ib 
large flux at. this time makes them subject to the stable 
trapping limit. After the expansive phase of the sub- 
puorm, woe anner edre or vnewplasma sheet ino an ezZamuthally 
ConiaNed, rec, ony Will reesteaviuteo miu se Liar Urcniecrs pach 11 
toe MapnevotvalLl ye AL DhnisesSuarcen=tnal 1s, the recovery 
Ooase Of The Ssubstorm, the distorvion of Yhe anner edge 
or tune plasma sheet disappears and the energized electrons 
ac the edge of the auroral bulge would) thus be governed 
by the stable trapping limit. 

However, in the magnetosphere, the inward motion 
of the plasma sheet associated with the growth phase is 
identical in character to the inward motion of the re-= 
€stablished plasma sheet “and regions of enhanced energetic 
electron population associated with the recovery phase. 


Vice second anward MOllOn, may vtuuse conceivably be 8denuliied 
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as the growth phase for subsequent substorm activity; 
in this case the growth phase would have associated 
southward drifting arcs. Therefore, the apparent con- 
tradiction between our results and those of Mozer (1971) 
and Peldstein (1972) is due an fact to the existing 
ambiguity in differentiating between a growth and reco- 
VEryY Dhase Of a magnetic supstorm. “Despite chis 
ambiguity, iG 18 clear that no southward Uritting ares 
would appear during the growth phase of an isolated sub- 
Su0rn, Or Prior Co The onset on a Deriod Cf sustained 
SUbDStOrM acCulviny . 

it is aAmpoercant vo puiny ou that Une seconG inward 
MOULOn Of bie plasma Sheey mayor May nov ioccur, depending 
Cn whe continued €xisvence olsthe enhanced convection 
electric field. Thus we will not always have southward 
drittving arcs jassociated wivum Une recovery phase of the 
Sulioc VO. VAnOUNeCr poss tba yee omula Ue hiere aL Saas Lapse 
of time between the first and second inward motions of 
the plasma sheet. We would then stiil have particle pre= 
cipitation during the Second) inward motion of the plasma 
sheet. “sance our mechanismels nov tame dependent, bux 
depends omly on the trapped particle fiux. (it should 
be noved that if the “lapse of time’ is cf any considerable 
extent, the energetic trapped particle population is 
likely bo move out of Che povential precipitating zone, 
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+.4 Conclusions 


Assuming the validity of the theory of particle pre- 
cipitation presented here, it is at once clear that the 
velocity of southward drift of the arcs is directly 
related to the value of the ionospheric electric field; 
the electric field value may then be inferred from the 
deirt velocity of the arce (Kelley eo al, 1971). The 
validity of this relationship is shown by the agreement 
of the electric field valiies obtained in this manner, with 
the values obtained by other methods, such as balloon 
measurements (Mozer and Manka, 1971), barium cloud tech- 
niques (Haerendel and Lust, 1970), and whistler techniques 
(Carpenter et al, 1972). 

tne -evidence: OL —CRe mia sieieLe Panerics associated 
WLU Une auroral venus Showed that durime a sample tame 
ef fifteen months and over aytoval of 43 events of south 
Ward drPRttving arcs, Chere was nog one aistance where Souun— 
ward drifting ares weréevassociaved with the growth’ phase 
Or the @ssocrvated polar magnevie substorm. “This is 
COnSsistent With the view that there are mov Vlargze fluxes 
Of trapped energsevilc parvicles in Une ouLver region ol vase 
Hightside quiet-time magnetosphere. Hence, the immersion 
of régions populated™ by auroral electrons in the plasme 
sheet will not produce precipitation of those energetic 


electrons Lf their ponulavion) is: below the stable Trapping 
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Iimitee Only efter substormacmeviuy has resulved inv the 
aeceleravion Of large numbers, of energerie elecurons; 
would thelr population be large enough to be stimulaved 
by the Kennel—-Petschek mechanism causing particle pre-— 
Cfpi cae Lon and the -eneraulomrom aurora! ares. 1ne face 
that 34 of the 43 events were associated with the recovery 
pnase Of “a SubStorm,, and noneawlolvhewevelopien. phase, 
shows that the appearance of southward drifting arcs is 
am invalid auroral sienature for che srowtn phase of *a 
magnetic substorm, unless one considers that the growth 
phase and recovery phase may coexist after a period of 
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Event 41 : October 29, 1971 (Day 302) 


Time (UT) 
O444 
O445 
O446 
O47 
0448 
O449 
0450 
0451 
0452 
0453 
0454 
0455 
0456 
O457 
0458 


Location (km) 


ie 


Viy = -340.3 


m/sec. 


Event 42 : October 29, 1971 (Day 302) 


Time (UT) 
0456 
O457 
0458 
0459 


0500 


Location (km) 
69 
47 
22 
19 
14 


Velocity 


Velocity 


-366. 
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Event 42 : October 29, 1971 (Day 302) - continued 


Time (UT) Location (km) Velocity (m/sec) 
0501 20 100.0 
0502 -18 -633.3 
0503 8 433.3 
0504 4 - 66.7 
0505 - 3 -116.7 


Vio = ~247.6 m/sec. 


Event 43 : October 30, 1971 (Day 303) 


Time (UT) Location (km) Velocity (m/sec) 

0310 248 

1 240 = joeo 
0312 235 - 83.3 
Ue 8 Ss: 259 66.7 
0314 201 = 54.4 
0315 203 33°5 
0316 183 oe 
O31% 160 -383.3 
0318 1st -483.3 
0319 103 =—Li 2h. 
0320 100 - 50.0 
0321 7 -483.3 
D322 42 -483.3 
is ae 10 mee fe te Se 
0324 -12 -366.7 
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Event 43 : October 30, 1971 (Day 303) - continued 


Mme CUT) Location (km) Velocity (m/sec) 
OB25 -0o -466.7 
0326 -60 =i ea 
Une 7 -60 O go 


V3 = -392.4 m/sec. 
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